Background: The American Heart Association has established criteria for the evaluation of novel markers of cardiovascular risk. In accordance with these criteria, we assessed the association between a multilocus genetic risk score (GRS) and incident coronary heart disease (CHD), and evaluated whether this GRS improves the predictive capacity of the Framingham risk function. Methods and results: Using eight genetic variants associated with CHD but not with classical cardiovascular risk factors (CVRFs), we generated a multi-locus GRS, and found it to be linearly associated with CHD in two population based cohorts: The REGICOR Study (n = 2351) and The Framingham Heart Study (n = 3537) (meta-analyzed HR 
used: (i) population-wide interventions based on the promotion of healthy lifestyles and public health policies; and (ii) targeting of high risk individuals, in whom intensive strategies are implemented to control cardiovascular risk factors. In clinical practice, cardiovascular risk functions are used to identify the high risk individuals by estimating the probability of presenting a coronary (CHD) event, usually in the subsequent 10 years [2] . Although these screening methods are well established and widely used, the majority of the CHD events occur in individuals who are classified as having low or intermediate risk [3] . Therefore, the improvement of risk estimation, especially in the intermediate risk group, is a priority for research. In this regard, the identification of new biomarkers, particularly those that provide information complementary to that already provided by classical cardiovascular risk factors (CVRFs) [4] , has been the subject of intense research in recent years. To that end, the American Heart Association (AHA) has proposed several essential steps [5] for assessing the potential value of such novel biomarkers in estimating risk: (i) initial demonstration of association between marker and event risk (proof of concept), (ii) validation of this relationship in prospective cohort studies, (iii) assessment of the improvement of the predictive capacity of the risk function due to the addition of the marker, (iv) assessment of effects on patient management and outcomes, and, (v) costeffectiveness of population-wide implementation.
Genome-wide association studies (GWAS) have led to the identification of a series of genetic variants that are robustly associated with CHD risk [6] , although their individual effects on risk are generally quite small. Since these effects have also been observed to be generally additive, overall genetic risk load, formulated as a multi-locus genetic risk score (GRS), has been proposed [7, 8] as a potentially informative biomarker for improving the estimation of coronary risk [1, 9] . We have recently reported the results of a large case-control study aimed at addressing the first step of the AHA recommendations, in which we observed a robust association between CHD risk and a GRS composed of variants associated with CHD, but not with classical CVRFs [10] .
Following on from our previous work, the aims of the current study were to address steps 2 and 3 of the AHA recommendations for the same GRS. First, we assessed the association between the multi-locus GRS and incident CHD events in two prospective cohort studies with low and high CHD mortality (AHA, step 2). Second, we assessed whether the inclusion of this GRS improves the predictive capacity of the Framingham risk function (AHA, step 3). In addition, we evaluated the hypothesis that the improvement in predictive capacity provided by the GRS is greater among individuals with intermediate risk.
Methods
An extended description of the methods used is given in the Supplementary methods. Supplementary materials section (Sx.x), table (S.Tx), figure (S.Fx) and analysis (S.Ax) numbers are indicated in parentheses throughout the manuscript.
Design
Two prospective population-based cohorts were analyzed in this study. (i) The REGICOR (Registre Gironí del Cor) cohort originally included 4778 individuals from two population-based cross-sectional studies conducted in the province of Girona, in north-eastern Spain, in 1995 and 2000 [11] . This population has low CHD mortality [12] . (ii) The Framingham Heart Study originally included 5209 men and women recruited in 1948 [13] and 5124 offspring of the original participants and their spouses recruited in 1971 [14] , from whom DNA was collected during the 1980s and 1990s [15] . This population has relatively high CHD mortality. We obtained access to phenotype and genotype data for the Framingham sample under the Framingham Share initiative via the Database of Genotypes and Phenotypes (dbGaP, ncbi.nlm.nih.gov/dbgap; Project number 1534). To maximize the number of participants included in the analysis for whom genetic data was available, we set exams 15 and 5 as the baseline visits for the Original Cohort (2632 individuals, 1977-1979 ) and the Offspring Cohort (3799 individuals, 1991-1995), respectively (S.F1).
For both cohorts we selected participants aged 35-74 years at the time of the exams, who were free of cardiovascular disease (CVD) at that time, and for whom DNA and complete follow-up information was available.
Selection of genetic variants, genotyping and multi-locus risk score generation
We selected 8 genetic variants associated with CHD but not with CVRFs (blood pressure, total cholesterol, low density lipoprotein (LDL) cholesterol, high density lipoprotein (HDL) cholesterol, triglycerides, diabetes, smoking) and generated a multi-locus GRS as previously described [10] . Briefly, the genetic variants were selected from the catalog of GWA studies of the National Human Genome Research Institute (NHGRI GWAS catalog [6] , reviewed in August 2010) using the following criteria: (a) the genetic variants were associated with CHD (p ≤ 1 × 10 −6 ); (b) when two or more genetic variants were in linkage disequilibrium (r 2 > 0.3) only one was selected; (c) we excluded SNPs that were previously reported, either in the literature or the NHGRI GWAS catalog, to be associated with one or more CVRFs (see more detail of this process in S1.1 and S.F2). The variants selected were: rs17465637 in MIA3; rs6725887 in WDR12; rs9818870 in MRAS; rs12526453 in PHACTR1; rs1333049 near CDKN2A/2B; rs1746048 near CXCL12; rs9982601 near SCL5A3. We also included the rs10455872 variant in LPA, which has recently been shown to be strongly associated with CHD risk independently of CVRFs [16] .
REGICOR samples were genotyped by Centro Nacional de Investigación Oncológica (CNIO, Madrid, Spain) using the Cardio inCode chip (Ferrer inCode, Barcelona, Spain), which is based on Veracode (Illumina, San Diego, USA) and KASPar (KBioscience, Hoddesdon, United Kingdom) technologies. Genotype data for the Framingham participants was obtained via dbGaP for genotyped (Affymetrix 500 K and 50 K chips) and imputed variants (HapMap CEU release 22, b36) (S1.3). Quality control criteria were applied both to individuals and selected SNPs (S1.4).
A multi-locus GRS was computed for each individual as the sum of the number of risk alleles across all 8 variants [10] , after weighting each one by its estimated effect size in the CARDIoGRAM study (S1.2) [17] .
Follow-up and phenotype definition
All REGICOR participants were periodically contacted to ascertain whether they had presented any CHD event up until the end of 2009, and events were reviewed using hospital or primary care records. Fatal events were identified from regional and national mortality registers. After reviewing all medical records and physician notes, suspected CHD events were classified in committee according to standardized criteria [18] .
Among Framingham participants, a record was made of all CHD events that occurred during follow-up until the end of 2007. Suspected CHD events were reviewed by a panel of Framingham physician investigators after reviewing all available medical records and physician notes using standardized criteria [19] .
CHD events included myocardial infarction (MI), angina, coronary revascularization and death due to CHD (S2).
Estimation of ten-year cardiovascular risk
Coronary risk was estimated using the standard 10-year Framingham risk function [19] and the REGICOR function, which is an adaptation of the former that has been validated and calibrated for the Spanish population (S3 and S4) [9] . Both functions included age, sex, systolic and diastolic blood pressure, total cholesterol level, HDL cholesterol level, smoking status, diabetes status and the GRS, where appropriate. Risk was computed using the following formula (also see S4), where (1 − S) is the probability of presenting a CHD event in the next 10 years based on the incidence of CHD in the population, (F j ) is the individual's exposure to the various risk factors considered, including the genetic risk factor (GRS), (F j , GRS) is the population mean of those risk factors, and (ˇ) is the effect size of each risk factor.
Statistical analysis
We used standard parametric and non-parametric methods to compare the characteristics of different groups of individuals (S4). We tested for association between incidence of coronary events and individual genetic variants and the GRS using Cox proportional hazards models, with adjustment for CVRFs (see formula above). We accounted for family relatedness in the Framingham cohort by adjusting for the first five genetic principal components [20] . Each cohort was analyzed separately, and the estimates were pooled using an inverse-variance weighted meta-analysis under a random effects model [21] .
We used three different statistics to assess the potential value of including the GRS in risk prediction:
(a) the goodness-of-fit of the models was evaluated using a version of the Hosmer-Lemeshow test [22] ; (b) the discriminative capacity of the model was evaluated using the concordance index (c-statistic) [23] ; (c) reclassification improvement was calculated using the net reclassification improvement (NRI) index [24] and the integrated discrimination improvement (IDI) index [25] . We calculated the expected number of events at 10-years in each risk category and in each cohort using Kaplan-Meier estimates [26] . A bootstrapping method was used to construct confidence intervals for IDI and NRI in order to account for uncertainty in the Kaplan-Meier estimates, as suggested by Steyerberg et al. [26] .
For each SNP and for the GRS we computed our study's power to detect associations in each cohort and in the meta-analysis (S5).
All analyses were performed using the R statistical package (version 2.11) [27] .
Results

Sample selection and sample characteristics
The process of selection of individuals to include in our analysis is described in S.F1. From the REGICOR sample we included 2351 individuals, including 107 CHD events, with a mean followup of 9.75 years. From the Framingham sample we included 3537 individuals, including 429 events, with a mean follow-up of 13.32 years. In the REGICOR sample, we observed no significant difference in the estimated 10-year coronary risk between individuals who were included in the analysis compared to those who were not included (S.T1). In the Framingham sample, many individuals were excluded from our study due to the non-availability of genetic data, with the result that those who were included presented a better cardiovascular risk profile (S.T1) and a lower incidence of CHD events than those who were not included (suggesting a survival bias related to DNA availability; S.F3).
The characteristics of the participants from each cohort that were included in our analyses, stratified by presence of CHD events are shown in Table 1 . The observed effects of each cardiovascular risk factor on risk of having a CHD event were concordant with those expected and are presented in S.T2.
Validation of the association between the GRS and risk of CHD
The results of the genotyping quality control process are shown in S.T3, and those of the test for association between the genetic variants included in the GRS and incidence of CHD events is shown in S.T3 (also see S.T4 for power computations). Only the rs1333049 variant in CDKN2A/2B was nominally associated with CHD events in the meta-analysis of both studies. Clinical characteristics of the participants within each quintile of the GRS are shown in Table 2 . The GRS was not directly associated with any of the classical CVRFs in either cohort, with the exception of gender in Framingham (which we believe to be an artefact of the survival bias among individuals for whom DNA was available). The proportion of participants with a positive family history of CHD did not change between quintiles of the GRS. We observed a general increase in the incidence of coronary events from the bottom to the top quintile of the GRS in both cohorts (Table 2) .
For the GRS, we estimated that our study had 80% power to detect a HR of 1.17, 1.09 and 1.18 per unit increase in REGICOR, Framingham, and the meta-analysis, respectively (S.T4). Both the models with and without the GRS were well calibrated in the REGICOR sample, but not in the Framingham sample, where we observed fewer events than expected, likely due to the survival bias mentioned above (S.F4).
The GRS was linearly associated with incidence of CHD in both cohorts (p = 0.001 in REGICOR and p = 0.016 in Framingham; Table 3 ), and in the meta-analysis (HR = 1.13; 95% CI: 1.01-1.27) ( Table 3 ). This association remained statistically significant after further adjustment for family history of CHD (HR = 1.17; 95% CI: 1.09-1.26). Participants in the top quintile of the GRS had 1.44 times greater risk of CHD, compared to those in the bottom quintile (p-value for linear trend 0.002) ( Table 3 ). In both cohorts the distribution of the GRS was slightly shifted to the right in individuals who had had an event, compared to those who had not (Fig. 1). 
Improvement in predictive capacity: discrimination and reclassification
The addition of the GRS to the basic risk function improved its capacity to predict CHD in the Framingham cohort (c-statistic, 72.81 vs. 72.37, p-value = 0.042) but not in the REGICOR cohort (78.35 vs. 78.33, p-value = 0.806). We observed a general tendency for both measures of reclassification improvement, the NRI and IDI, to increase after addition of the GRS to the basic risk function, although this improvement was not statistically significant for either measure in the meta-analysis of the two cohorts. However, reclassification improvement was more marked in the group with intermediate risk, and was statistically significant for both measures (NRI: 17.44, 95%CI 8.04;26.83; IDI: 0.29, 95%CI 0.01;0.56). Reclassification data and NRI and IDI for each cohort are shown in Fig. 2 .
Results for a GRS constructed from 4 SNPs that had consistent directions of effect in both cohorts, and for a GRS without the CDKN2A/B variant were similar and are described in S.A2 and S.A3.
Discussion
In accordance with the AHA statement regarding assessment of the value of novel risk biomarkers [5] , we have validated the association between a multi-locus GRS and incidence of CHD events in two prospective cohort studies, and have shown that this GRS improves the capacity of the Framingham risk function to predict CHD events, primarily among individuals with intermediate risk.
Validation of the association between the GRS and risk of CHD
In this study, we selected a series of genetic variants that have been found to be robustly associated with CHD risk in multiple large independent samples and populations, but have not been reported to be associated with CVRFs. Unsurprisingly, most of these variants were not nominally associated with CHD incidence in either of the cohorts in this study, mainly due to their sample size and the weak risk effects of the variants. However, the relevance of these variants for CHD risk is beyond doubt and has been validated in different meta-analyses [17] .
A GRS constructed using these variants was linearly associated with incidence of CHD events in two cohorts with distinct background levels of 10-year coronary risk. The effect size of the GRS was modest (∼13% increase in risk of CHD per unit), and was also independent of familial history of CHD [4] . This effect size is smaller than that reported in the initial discovery case-control studies [10] , which is likely due to these studies' tendency to overestimate the effect sizes of real associations. In fact, the effect size of our GRS could even be slightly underestimated because of the fact that the individuals included in the Framingham analysis have a more favorable cardiovascular risk profile than those who were excluded due to non-availability of DNA samples, thereby introducing a survival bias.
A recent study of the Framingham Heart Study investigators using a GRS comprising 13 SNPs associated with CHD reports the same results that we have obtained in this analysis, although the group of SNPs is slightly different and the events of interest include only myocardial infarction and coronary death [28] . We also observed a similar difference in risk between the top and bottom quintiles of the score (HR = 1.44) to that reported by Ripatti et al. [8] (meta-analyzed HR = 1.66) for a similar GRS comprising 13 SNPs associated with CHD, but not explicitly independent of CVRFs. However, this association has not been confirmed by other authors [29] . A number of differences between the Women's Health Study (WHS) and the rest of studies may explain the observed discordant results, but probably the most important is related to the different sampling strategy used in the WHS which included young women with relatively low baseline risk for CHD whereas the rest of studies are community-or population-based including men and women that may have a higher baseline CHD risk.
Improvement in predictive capacity: discrimination and reclassification
As has been observed for several other biomarkers [30] , we observed no marked improvement in the discriminative capacity of the risk function, as measured by the c-statistic, which highlights the challenge of risk prediction for complex traits [31] . However, some authors have expressed concerned about the use of the cstatistic as the main predictive metric, when the main goal in clinical practice is to better estimate an individual's risk category, leading to more effective preventive treatment decisions [32] . To address this problem metrics such as IDI and NRI have been proposed that assess a risk function's ability to re-classify individuals who go on to have a coronary event and those who do not into higher and lower risk categories, respectively [24] .
In this study, we observed a general tendency for reclassification to improve after addition of the GRS to the basic risk function (Fig. 2) , although, as has been observed in previous studies [8, 33] , the numbers of cases correctly reclassified into higher risk categories was a modest fraction of the total number of cases, and also some individuals were also incorrectly reclassified. This reclassification improvement was not statistically significant overall.
Improved reclassification in individuals with intermediate coronary risk using the GRS
From a clinical perspective, the low sensitivity of risk functions is exemplified by the fact that a significant proportion of CHD events occur in individuals with intermediate coronary risk [3, 34] , so improving risk estimation in this group could have a significant impact on the total burden of CHD, and on the effectiveness of population-wide treatment strategies. We observed that the GRS significantly improved the reclassification of individuals with intermediate risk, above the level of improvement observed overall. Similarly, Ripatti et al. have recently reported a higher NRI in individuals with intermediate CHD risk (9.7%) than that observed in the population as a whole [8] , although the improvement was less marked than for the intermediate risk group in our study (17.44%). Improvements in risk reclassification have also been observed in other studies through the inclusion of single genetic variants or a GRS in cardiovascular risk functions [8, 28, 33, 35, 36] , with greater improvement in the intermediate risk group, where this has been assessed [8, 33] .
Strengths and limitations of the study
We highlight the following strengths in our study. First, we included two cohorts, which allowed us to evaluate the robustness of the effect size of the GRS, and to verify this effect size in populations with distinct basal cardiovascular risks. Second, the variants included in our score are likely to represent loci that are truly relevant for CHD risk. The fact that most of these variants individually were not significantly associated with CHD incidence, but that the GRS was significantly associated and also generally improved risk reclassification highlights the potential gain in information afforded by using the GRS. Third, these variants are largely independent of CVRFs, which is considered as an optimal strategy [4] . Consequently, we found that the GRS constructed from these variants was also independent of the CVRFs, and of the 10-year risk estimation based only on those CVRFs [4] . This indicates that this GRS provides complementary information to that already provided by the classical risk function. Moreover, the GRS was also found to be independent of family history of CHD [4] .
Finally, and in accordance with European guidelines highlighting the importance of assessing overall cardiovascular risk [1] , we have also extended our analysis to a broader definition of CVD events, including coronary events, stroke and peripheral artery disease, and observed largely consistent results to those for coronary events only (S.A1).
The main limitation of this study is the fact that the size of the individual cohorts and the number of events observed is limited. This is especially true in the REGICOR sample because of the low incidence of disease in this population. Moreover, a number of additional markers that fulfill our selection criteria have been reported since we performed our initial SNP selection in August 2010 (rs12936587, rs2505083, rs17114036 and rs11556924, reported in refs [17, 37] ). However, adding these 4 SNPs to the 8-SNP GRS and repeating the analyses in the Framingham cohort (genotype data for these SNPs were not available in REGICOR), we obtained similar results in terms of the strength of the per-unit and perquintile risk effects, and similar improvements in reclassification (S.A4). These results are also consistent with those of a recent study [28] , which indicated that the addition of 16 recently discovered SNPs to a 13-SNP GRS did not provide a significant improvement in discrimination between individuals with and without CVD events. Also, the findings in this study may be applicable only to European Caucasians or their descendants. Finally, due to the survival bias mentioned above, we have probably underestimated the true per unit effect size of the GRS on risk of CHD in the Framingham study.
Conclusions
A multi-locus GRS based on genetic variants unrelated to CVRFs was associated with a linear increase in risk of CHD events in two distinct populations. This GRS improves risk reclassification particularly in the population at intermediate coronary risk. These results indicate the potential value of the inclusion of genetic information in classical functions for risk assessment in the intermediate risk population group.
